An outcome model with asphyxial cardiac ar rest in rats has been developed for quantifying brain dam age. Twenty-two rats were randomized into three groups. Control group I was normal. was conscious, and had no asphyxia (n = 6). Sham group II had anesthesia and sur gery but no asphyxia (n = 6). All 12 rats in groups I and II survived to 72 h and were functionally and histologi cally normal. Arrest group III (the model; n = 10) had light anesthesia and apneic asphyxia of 8 min, which led to cessation of circulation at 3-4 min of apnea, resulting in cardiac arrest (no flow) of 4-5 min. All 10 rats had spon taneous circulation restored by standard external cardio pulmonary resuscitation. Nine rats survived controlled ventilation for 1 h and observation to 72 h, while one rat died before extubation. All nine survivors were conscious Abbreviations used: CPR, cardiopulmonary resuscitation;
Until recently, investigation of pathophysiologi cal mechanisms of neuronal death caused by cere bral ischemia had been carried out predominantly in rat models of incomplete forebrain ischemia by tem porary four-vessel occlusion (Pulsinelli and Brier ley, 1979; Ginsberg and Busto, 1989) or two-vessel occlusion (Smith et aI., 1984a) . These studies pro vided a better understanding of the mechanisms of neuronal injury and vulnerability after an ischemic insult. Although they are valuable tools for studying neuronal ischemia, these rat models do not produce a primary insult in the brainstem or cerebellum and lack the secondary derangements of the postresus citation syndrome (N egovsky et aI., 1983) in extra cerebral organs, which are typical for cardiac ar rest, i.e., temporary total body circulatory arrest.
at 72 h, with neurologic deficit scores (0% = best; 100% = worst) of 7 ± 6o/c (2-16%). All brain regions at five coronal levels were examined for ischemic neurons. The prevalence of ischemic neurons in five regions was cate gorically scored. The average total brain histopathologic damage score in group III (n = 9) was 2.1 (p < 0.05 vs.
group I or II). A reproducible outcome model of cardiac arrest in rats was documented. It provides a tool for in vestigating pathophysiological mechanisms of neuronal death caused by a transient global hypoxic-ischemic brain insult. Key Words: Cardiac arrest-Cardio pulmonary resuscitation ---'-: : Cerebral anoxia-Global brain ischemia-Postischemic anoxic encephalopathy-Rodent model.
Therefore, in 1982 Safar initiated the development of a model of cardiac arrest in rats (Hendrickx et aI., 1984a -d: Katz et aI., 1989 .
In children, asphyxia is the primary cause of car diac arrest. In human adults, the most common cause of cardiac arrest is ventricular fibrillation; this, however, reverses itself spontaneously in rats. Asphyxia from upper airway obstruction or apnea is the next most common cause of cardiac arrest and the insult chosen to produce cardiac arrest in this rat model.
Asphyxial cardiac arrest from apnea in rats yields fairly controllable insults (Hendrickx et aI., 1984a; Katz et aI., 1989) . However, with standard external cardiopulmonary resuscitation (CPR) and intrave nous epinephrine (Hendrickx et aI., 1984a) , fewer than 30% survived to 24 h (none after to min of asphyxia). Neurological deficit (ND) and histopath ological damage (HD) scores determined at 24 h varied widely (Hendrickx et aI., 1984c) . Results were inconsistent because of major extracerebral organ complications and inadequate time for matu ration and stabilization of ischemic neuronal changes (Pulsinelli et aI., 1982; Safar, 1993) . At tempts to achieve reliable 72-h survival were unsuc-cessful in this model because of early postarrest pulmonary edema, delayed airway obstruction by mucus, and unclear causes of death after extuba tion. After 5 min of asphyxiation (a mild insult) and prolonged controlled ventilation facilitated by transtracheal jet ventilation, ND and HD scores were near-normal (Hendrickx et aI. , 1984d) . There fore, it was necessary to redesign the model to al low for long-term survival (72 h) yet produce a ce rebral insult severe enough to produce consistent ND and HD.
ND and HD scoring methods, the latter examin ing more than 20 regions in whole brain, were devel oped in the 1970s and 1980s to evaluate the effects of global brain ischemia in monkeys (N emoto et al. . 1977; Gisvold et aI. , 1984) and cardiac arrest in dogs (Safar et aI. , 1982; Vaagenes et aI. , 1984) . These methods were recently modified for use in our new outcome model of asphyxiation cardiac arrest in rats. This report presents our recently developed outcome model of asphyxial cardiac arrest in rats.
METHODS
This study was approved by The Animal Care and Use Committee of the University of Pittsburgh.
Design
Twenty-two male Sprague-Dawley rats, 350-450 g in body weight. were assigned in randomized sequence to one of three groups: a normal control group I (n = 6), without anesthesia, vessel cannulations, or asphyxia; a sham group II (n = 6). with anesthesia and vessel can· nulations but without asphyxia; and an arrest group III (n = 10), with anesthesia, vessel cannulations. and asphyx iation of 8 min, which included 4-5 min of pulselessness. The cardiac arrest was reversed within 2 min to sponta neous circulation using standard external CPR. Con trolled ventilation and monitoring of MABP and blood gases were extended for 60 min after return of spontane ous circulation (ROSC). The rats were extubated and placed in plastic cages and observed continuously for 60 min and then intermittently to 72 h. Final ND evaluation was performed at 72 h. Then anesthesia was reinduced for perfusion-fixation of the brains, which were cut, stained, and evaluated histologically.
Preparation
Rats had free access to food and water before the ex periment. Anesthesia was induced with 3% halothane and 60:40% nitrous oxide (N,O):oxygen (0,), with 4 Llmin insufflated into a transp a rent chamber.
-At the onset of unconsciousness and relaxation and before depressed spontaneous breathing, the rats were removed from the chamber and the tracheas immediately intubated with a 14-0 plastic catheter by direct laryngoscopy. The tra cheal cannula was connected to a rodent piston ventila tor. The ventilator delivered humidified 50:50% N20:02 and 0.5-l.5% halothane, with tidal volumes of 1 mUIOO g, a positive end-expiratory pressure of 3 cm H20, and a ventilation rate of 40/min. Ventilation was later adjusted to control Pac02 at 30-40 mm Hg. Lead II ECO electrodes and a tympanic membrane temperature (Tty) probe were attached. In pilot experiments, Tty was within O.4°C of directly monitored deep brain temperature. The rats were placed on a heating pad and secured to a surgical board with tapes. The Tty was controlled throughout the experiment at 37.5 ± 0.2°C with the aid of a lamp and heating pad. A sterile cutdown was performed in the left groin. The femoral artery and vein were can nulated with PE 50 catheters (with an � I-mm outside diameter), which were advanced into the abdominal aorta and inferior vena cava. MABP, Tty, and ECO were con tinuously recorded. Pa02, Pac02, pH, hematocrit, and glu cose concentration were measured at baseline after prep aration (about 20 min before the inSUlt) and after ROSC at 10, 30, and 60 min. The calculated base deficit of >6 mmol/L was to be controlled before arrest and until 60 min after arrest using intravenous sodium bicarbonate (NaHC03). Catheter deadspace was filled and flushed with isotonic saline solution with heparin (0.02 Vlml), 0.1 ml, as needed.
Insult and resuscitation
After preparation and immobilization with vecuronium, 2 mg/kg i. v. (1 mg/ml solution), baseline measurements were made. For baseline measurements, the ventilator was adjusted to maintain Pac02 at 30-40 mm Hg, arterial pH at 7.35-7.45, and P a02 at >80 mm Hg with the fraction of inspired O2 (FI02) at 50%. After baseline measure ments, vecuronium, I mg/kg i.v., was given at the begin ning of gas washout. For the insult, halothane and N20 were washed out with 100% O2 for 3 min followed by room air for 2 min with tidal volumes and frequency un changed. After this 5-min washout, asphyxia was induced by stopping and disconnecting the ventilator and clamp ing the tracheal tube at end exhalation. In response to apnea and airway obstruction, transient hypertension was observed, followed by progressive bradycardia, hypoten sion, and pulselessness starting at about 3-4 min of ap nea, i.e., MABP � 10 mm Hg without arterial pressure fluctuations. Thus, with controlled apnea of 8 min, pulse less ness (cardiac arrest) of about 4-5 min was to be ex pected ( Fig. I) .
After 8 min of apnea and airway obstruction, resusci tation was initiated by unclamping the tracheal tube, re starting mechanical ventilation with 100% O2, at a fre quency of 60 inflations/min, giving epinephrine, 0.01 mg/ kg i.v., followed immediately by NaHC03, 1 mmol/kg i. v., applying sternal compressions (with two fingers) at a rate of 200/min (attempting to generate systolic arterial pressure peaks of >50 mm Hg) and continuing CPR until ROSC, i.e., achieving a spontaneous MABP of >60 mm Hg. After ROSC, hyperventilation was maintained at 60 inflations/min for 10 min, which was then reduced to con trol Puc02 at 30-35 mm Hg. If overall CPR attempts ex ceeded 2 min, the experiment was out of protocol.
After ROSC, hypotension (MABP <60 mm Hg) was treated with isotonic saline boluses of 3 ml/kg i.v. During the 60 min of controlled ventilation, no vasopressor was used. At 60 min after ROSC, the intravascular catheters were removed, the vessels were ligated, and the skin was closed. No reversal medication for vecuronium was used, as its effect had dissipated spontaneously by 60 min after arrest. Spontaneous respirations began as soon as con trolled ventilation was stopped and the tracheal tube was connected to a T-tube for O2 administration. The tracheal tube was removed when spontaneous respirations were >60 breaths!min (but <120 breaths!min). a gag reflex was present, no bradycardia (heart rate < 300 beats!min) had developed, and the rat had been breathing spontaneously via a tracheal tube for 5 min. After extubation, the rat was placed in a chamber with 50% O2 for 30 min, and then, breathing room air, it was returned to its cage in a quiet, dimly lit room, which was darkened on a 12-h cycle. For hydration rats received isotonic saline. 20 ml!kg s.c. The subcutaneous injections were first administered between 60 and 120 min postarrest and repeated daily. The rats had free access to food and water during the 72-h obser vation period. In addition to intermittent observations. a blinded team member recorded the ND scores.
Evaluation
The ND score was determined before arrest and at 2, 24, 48, and 72 h after arrest, using the system modified from dog ND scores (Vaagenes et al., 1984; Leonov et al., 1990) (Table 1 ). The total ND score consisted of five com ponents: consciousness and respiration. cranial nerve function, motor function. sensory function, and coordi nation (including balance beam walk). A normal rat had an ND score of 0% and a brain-dead rat had an ND score of 100%. Evaluation was by the same examiner. who was blinded to insult and treatment (Table 1) .
At 72 h after resuscitation and the final ND scoring, the rat was reanesthetized with 50:50% N20:02, plus halo-J Cereb Blood Flow Metab, Vol. 15. No.6. 1995 thane, intubated, and ventilated as before. Via a thora cotomy. a 16-G catheter was inserted through the apex of the left cardiac ventricle and advanced into the ascending aorta. The descending aorta was then clamped. Paraform aldehyde, 3%. buffered to a pH of 7.4, was infused through the catheter into the aorta under a pressure of 100 cm H20. The right atrium was incised, and perfusion was continued until the fluid draining from the right atrium was clear. which required approximately 50 m!. The rat was then decapitated, and the head was placed in a jar containing 3% paraformaldehyde (pH 7.4), at 4°C, for at least 24 h. The brain was then removed from the skull and again stored in the paraformaldehyde solution. Paraffin embedded coronal sections, 6 j.Lm thick, were made through five levels, i.e., Nos. 19, 29, 36, 42 , and 63 ac cording to Paxinos' (1986) anatomic atlas of the rat brain. The sections were stained with hematoxylin-eosin! phloxine.
HD scores (Table 2) were determined by a pathologist (A.R.), who was blinded to protocol, using a scoring method modified from the scoring method that we have been using in large animals for the last 20 years (Safar et a!., 1982) and the ranked visual method of Auer et a!. (1984) . All brain regions at five coronal levels were ex amined for ischemic neurons. Ischemic neurons had pyk notic nuclei and shrunken cytoplasms which were brightly eosinophilic (Fig. 2) . Prevalence of ischemic neu rons was categorically scored in five regions: cortex, cau- date-putamen, hippocampus (CAI-3), lateral reticular nu cleus of the thalamus, and cerebellum. These five regions were prospectively chosen for scoring because they were regions injured in pilot studies and likely to manifest neu rological deficits. A 4-point scale was used to assign a score to the total number of ischemic neurons counted in each of the five regions. This score ranged from 0, indi cating no ischemic neurons seen, to 4, indicating 50 or more ischemic neurons counted in that region ( Table 2) . The individual scores for the five regions in each brain were averaged to obtain the average total HD score. In addition, the hippocampus CAl region was reexam ined in a defined area of coronal sections 29 and 36 by a second evaluator blinded to the results of the initial eval uation. All of the neurons (normal and ischemic) in three grids on each side of the brain (0.25 x 0.05 mm at x200 magnification) were counted. This was done to determine the variability of the ischemic insult in one area. A per centage was reported to demonstrate that the total num ber of neurons relative to the number of ischemic neurons remained relatively stable between rats.
Statistics
Kruskal-Wallis analysis was performed to detect be tween group differences in HD and ND scores. One-way analysis of variance was used to compare physiological parameters between groups. The Spearman rank coeffi cient test was used to determine the correlation of ND scores with total HD scores in group III. Significance was accepted at p < 0.05. Rats that died (n = 1) earlier than 72 h were excluded from analysis of ND and HD scores, as they did not live long enough for full development and maturation of the lesions (Pulsinelli et aI., 1982) or behav ior problems (Hendrickx et aI., 1984d) .
RESULTS
Before the induction of anesthesia, the ND scores of rats in all three groups were 0 ± 0%. Baseline variables monitored under light anesthesia were the same in groups II and III (Table 3) . Initial body weight, preparation time, and other variables showed small standard deviations within each group and did not differ significantly between groups.
In control group I, ND scores before brief anes thesia and perfusion-fixation were 0 ± 0% (Fig. 3) . Average total HD scores were zero. Also, the per centage of ischemic neurons in the hippocampal CAl area was zero on reevaluation.
In sham group II, variables remained stable dur ing anesthesia (i. e. , preparation time of <60 min and anesthesia with life support of 60 min) (Table  3) . At 72 h after anesthesia, group II had ND scores of 0 ± 0% (Fig. 3) . Average total HD scores were zero. The percentage of ischemic neurons in the hippocampal CAl area was zero on reevaluation.
In arrest group III (the model), the asphyxial in sult and life-support variables were reproducible with small standard deviations (Table 4 ). Asphyxi ation resulted in cardiac arrest (MABP � 10 mm Hg) within 195 ± 20 s (120--240 s), all in electrome chanical dissociation or asystole. All 10 rats had ROSC within 36 ± 7 s (30--45 s) of external CPR (Table 4) (Fig. I) . None required a countershock because none developed ventricular fibrillation. During controlled ventilation, 1 of the 10 rats died of intractable pulmonary edema at 45 min after ROSe. The remaining nine rats survived controlled ventilation of 60 min, during which they remained normotensive or mildly hypotensive without vaso pressor support (Table 4) . At 60 min of life support, before weaning to spontaneous breathing, MABP was 78 ± 8 mm Hg (75-84 mm Hg). Saline, 1-2 ml i. v., was needed for MABP support in all rats. All nine were weaned readily, survived to 72 h, and were available for outcome evaluation. In group III, at 60 min after extubation (2 h after ROSe), rats were breathing spontaneously but were not awake as were rats in group II (Fig. 3) . In group Ill, all rats regained consciousness at about 24 h after weaning from controlled ventilation and extubation. All had some ND on the first day and then achieved near-maximal recovery on the sec ond day (Fig. 3) . At 72 h, ND scores were 7 ± 6% (2-16%). Although this functional deficit was mild, the final ND score was greater than the final ND in rats at 72 h after asphyxiation of 8 min (group III), com pared with conscious controls (group I) and anesthetized shams (group II). NO values were 0% in all group I and II rats. Group III rats showed partial recovery between 24 and 48 h and final moderate disability at 48 and 72 h. Error bars rep resent standard deviation. scores of zero in groups I or II (p < 0. 05). The principal sustained ND after arrest was unilateral or bilateral spastic paralysis of the hind legs, which was absent in group II with the same groin surgery and anesthesia, but without cardiac arrest. In group III, at 72 h, ischemic neurons were ob served in 12 brain regions ( Table 5 ). Each of the five regions quantitated had average HD scores greater than those of groups I and II (p < 0.05) ( Table 6 ). The average total HD score was 2.1 (0. 8-3.4; me dian, 2) and greater than that of groups I and II (p < 0. 05). In group III rats, the average total brain HD scores were strongly associated with ND scores at 72 h, as demonstrated by the Spearman rank coef ficient of 0. 73 (p < 0. 05). The reexamined hippo campal CAl region showed that 52 ± 10% (43-68%) of the total number of neurons were ischemic, sig nificantly higher than in groups I and II (p < 0. 05). PoDG, polymorph layer of the dentate gyrus. In this rat model, apneic asphyxia of 8-min dura tion reproducibly leads to cessation of circulation at 3-4 min of apnea, resulting in cardiac arrest (no flow) of 4-5 min. This insult was reversible with approximately 30 s of standard external CPR in all 10 rats. Survival to 72 h was achieved in 9 of 10 rats. Controlled ventilation and early extubation, 60 min after AOSC, could prevent the production of airway secretions and obstruction, seen previously after prolonged intratracheal ventilation (Hendrickx et aI. , 1984a,c) . Apneic asphyxia of 8 min produced mild ND and moderate average total HD scores at 72 h. Some dysfunction could be easily detected in all rats in group III so that the ND scores were worse at 72 h in comparison to those of the control and sham groups.
Without asphyxia, all rats in groups I and II were normal, with ND and HD scores of zero. In addi tion, in control and sham groups, no ischemic neu rons were found on reexamination of the CAl re gion of the hippocampus.
In group III, ND scores were due primarily to hind-leg spastic paralysis. Its absence in group II with preparation of the same groin vessels reveals that this deficit was indeed the result of a neurologic insult and not the result of the surgical preparation.
Animal studies as well as human autopsy material have shown that neurons in the brain have different susceptibilities to ischemia, depending upon their specific locations (Stegman, 1968; Auer et aI., 1984) . In rats, the CAl region of the hippocampus seems particularly sensitive to ischemia, whereas other areas such as the neocortex and brainstem require progressively longer durations of ischemia before exhibiting widespread evidence of damage (N g et aI. , 1989) . In our studies, ischemic neurons (with eosinophilic, shrunken cytoplasm, and pyk notic nuclei) were found side by side with normal appearing neurons and the amount of damage also varied by region. The rats had no infarcts, in con trast to dogs after 12 min of asphyxia (Vaagenes et aI. , 1988) . The difference may be due to insult du ration or species variations.
After incomplete forebrain ischemia of 10 min in rats, the cerebellum is not consistently damaged, although the hippocampus, caudate-putamen, thal amus, and cortex on day 7 showed significant isch emic neuronal changes (Smith et al. , 1984a, b) . This was not the case in our model of total body circu latory arrest, in which 12 regions had some damage and 5 brain regions including the cerebellum had consistent damage. Thus, scoring ischemic neurons in multiple regions, including the cerebellum, pro vides a more complete evaluation of the results of cardiac arrest than does examination of only the forebrain or hippocampus.
Observations of structural changes in the brain are convincing evidence of irreversible brain dam age. First swollen and later shrunken eosinophilic neurons, as viewed by light microscopy, have been shown consistently to undergo cytolysis and death (Pulsinelli and Brierley, 1979) . The significance of these ischemic neurons is difficult to define unless they can be correlated with neurologic deficits. The efficacy of new cerebral therapies in animal models of cerebral ischemia would also be more persuasive if neurologic deficits, in addition to structural changes, were ameliorated, thus promoting the im portance of a dual approach to assessing brain in jury and recovery (Safar et al. , 1982; Leonov et al. , 1990) . The average total HO scores in this rat model correlated well with the NO scores, thus providing a tool for assessing a response to cerebral therapies in rats.
Our rat model produced only minimal NO scores, which may reflect the poor sensitivity of the NO scoring method. Instead of assessing global brain deficits with one general neurological exam, consid eration should be given to applying methods which evaluate neurological deficits in specific regions of the brain. For example, the radial arm maze is ca pable of quantifying neurological deficits in the hip pocampus (Olton and Feustle, 1981) , while the ac celerating rotarod can quantify deficits in the cere bellum (Goodlett et al. , 1991) . Application of these and other methods in combination may better de tect the severity of global brain damage caused by an asphyxial cardiac arrest in rats.
This asphyxia model has limitations. Although asphyxia resulted in a state of no blood flow after 3-4 min of apnea, the timing was not precisely uni form, as is possible with a model which uses in duced ventricular fibrillation or vascular occlusion. This variability has the potential to influence the consistency of outcome values, although it was not demonstrated in this study. Prolonged invasive monitoring is not practical and thus extracerebral complications cannot be prevented and unexplained deaths are possible. Asphyxial cardiac arrest, how ever, is an important cerebral insult to utilize be-J Cereb Blood Flow Metab, Vol. 15, No.6, 1995 cause of its clinical significance, particularly in pe diatric CPR cases.
We conclude that asphyxia by apnea of 8-min du ration, in lightly anesthetized and chemically para lyzed rats, leads to pulselessness at 3-4 min of ap nea, resulting in subsequent cardiac arrest (noflow) of 4-5 min. This hypoxic-ischemic insult is rapidly and reproducibly reversible to spontaneous nor motension with the use of standard external CPR and brief advanced life support. The insult can re sult in 72-h survival with reproducible NO and av erage total HO scores which correlate. Categorical quantitative determination of HO scores is possible in multiple regions of the rat brain with this cerebral insult. This rat model provides a tool for studying mechanisms of neuronal death resulting from a clin ically realistic cerebral insult. The model can also be used to screen potential cerebral resuscitation therapies.
